.

DEVELOPMENT OF A FAIL SAFE DESIGN OXIDATION
RESISTANT REINFORCED CARBON SYSTEM FOR THE WING
LEADING EDGE OF A SPACE SHUTTLE VEHICLE

PHASE III FINAL REPORT
VOLUME II TECHNICAL

VSD REPORT NO, T143-5R-30008
JUNE 1973

NASA-JSC CONTRACT NO. NAS9-12763

DRD NO. 3

BA Jadd-

B. A. Forcht
Project Manager
Approved by

VOUGHT SYSTEMS DIVISION
LTV Aerospace Corporation
P. O. Box 5907
Dallas, Texas 75222



FOREWORD

This final report was prepared by the LTV Aerospace Corpora-
tion, Vought Systems Division for NASA/JSC Contract NAS9-12763, Develop-
ment Of A Fail Safe Design Oxidation Resistant Reinforced Carbon System
For The Wing Leading Edge Of A Space Shuttle Vehicle. This work was per-
formed under the direction of the Thermal Technology Branch of the Struc-
tures and Mechanics Division with Mr. F. S. Coe, III as the Program
Director.

The following individuals were directly responsible for perfor-
ming the program tasks and in the preparation of this final report: Don
While - Project Engineer; Bill Agan and Dwain Bennett - Structures; Jim
Medford and Wes Whitten - Thermal; Ed Matza, Frank Tarsia and Al Hill -
Design; Bob Bost - Dynamics; Dick Rogers and Kelly Adams - Testing; Ike
Harder, Don Rogers, Benny Tillison, Dave Shuford, and Bob Scott -
Materials and Processes; Lou Karkos - Manufacturing Project Leader;

Jack Vought, Zeke Williams, Stan Whitcher and Tom Mays - Manufacturing;
Bob Miller - Quality Control Project Leader; and John Fenton and Roy
Littlejohn - Quality Control.

This report is prepared in five volumes. Volume I contains a
summary of the wing leading edge program. Volume II provides a detailed
technical discussion of the Phase III program. It is arranged in accordance
with the major tasks performed under this contract during the period
24 April 1972 through 15 June 1973. Volumes III, IV, and V are appendices,

containing backup material and more detail technical data on certain tasks.
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1.0 TECHNICAL DISCUSSION OF TASKS

This volume describes the technical work involved in the
execution of the fourteen major program tasks undertaken during the Phase
III program. Each of these tasks are discussed in the order in which they
were identified in the contract. Additional details on some of the tasks
are provided in the aﬁpendices of Volumes III, IV, and V. Conclusions
and recommendations are included in the summary document, Volume I.
1.1 TASK 1 - FAILSAFE LEADING EDGE

The objective of this task was to design, fabricate, and deliver

two complete leading edge assemblies, consisting of the RPP leading edge,
support brackets, support structure, and insulation system. The leading
edge was to be ''failsafe'' with respect to thermal/oxidation performance,
meaning that the leading edge would be designed for one safe entry to
landing, assuming no coating on the outer surface of the leading edge at
initiation of entry.

Inherent in this task was the requirement to develop a process
for the fabrication of thick (up to 0.5 inch)RPP laminates to provide suf-
ficient material so that even after significant material loss from oxidation
during entry a sufficient amount would remain to ensure structural integ-
rity for cruise maneuver and landing loads.

The approach to this task was straightforward from a design
standpoint. Computer analyses were employed to establish design thick-
nesses and to verify overall design performance. Details of the structural
and dynamics analyses and thermal analyses are presented in Appendices
B and C, respectively. A full scale mock-up was used to aid design and
demonstration of spatial and internal access features. Because of the
thicknesses and thickness variations (12 to 34 plies) involved in the leading
edge, a trial unit was fabricated to establish tooling and lay-up procedures.
Thick laminates present fabrication difficulties because of entrapped de-

composition gases, which can cause delamination. Because of this difficulty,



a number of processing approaches were initiated in an effort to arrive
at an acceptable or best approach. Several of these approaches proved

successful.
1.1.1 DESIGN

This secl:éon of the report describes the leading edge assembly
design details and associated rationale. Supporting structural, thermal,
and dynamic analyses are then summarized to establish credence to the
design. Specific component tests such as heatshield, support brackets, and
gap heating are covered under Tasks 2, 3, and 4 respectively.

1.1.1.1 Design Description

The basic configuration of the RPP portion of the leading edge assembly
retained the geometry from the Phase II program, including external lines,
trailing edge trim lines, width, locations of support bolts, and geometry of
joggles. The purpose of this was to limit cost by preserving the applicability
of Phase II lay-up tooling. Basically the only changes made to the RPP
portion of the leading edge from the Phase II design were thicknesses and
detail support attachment hole geometry. T-seal geometry remained exactly
as the Phase II design and, in fact, a Phase II T-seal was used as part of the
delivered dual-segment assembly for reasons of economy.

The geometry of the leading edge was derived from a cut taken
normal to a 60° swept leading edge at a 310 inch long chordline with NACA-
0012-64 airfoil. This produces a leading edge radius of 8.0 inches. The
front beam was located 24 inches aft of the leading edge while RPP trim
lines were established at 18 inches aft of the leading edge on the lower
surface and 7 inches aft of the leading edge on the upper surface. Thus, a
"J" section RPP component cross section was defined, as illustrated in
Figure 1. This configuration permits access to upper and lower support
bolts through the upper RSI access panel and provided a part size that could

be coated in the current 24 inch diameter furnace.
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The ground test configuration, shown in Figure 1, was derived
from a layout depicting a "flight vehicle design' of a leading edge integrated
with a typical Shuttle wing structure. The flight design was gleaned from
Rockwell International and Grumman data supplied to VSD., The ground test
configuration, also shown isometrically in Figure 2, is a simplified
version of a flight design, configured to obtain minimum cost without
excessive weight penalty. )

The assembly consists of the RPP leading edge, which is
supported at four points by the lug support brackets. A truss shaped
structure supports the upper support brackets. The wing front spar is
simulated by an aluminum panel at the aft end. Various insulation assemblies
are used to protect the support brackets, titanium truss structure and front
beam. Upper and lower panels simulate RSI panels on the vehicle.

Access to the attachment bolts is through the upper RSI panel.
The canted heatshield is removed to gain access to the RPP compartment,
and the clamshell support bracket insulation assemblies. Removal of this
insulation exposes the attachment bolts.

The right hand side (looking forward) of each leading edge
assembly is held fixed against side movement. The opposite side is permitted
to expand by sliding on the attachment, which closes the built in expansion gap.
The T-seal covers the gap to restric.t direct flow of hot gas into the leading
edge cavity. The sliding side of the leading edge requires countersunk
attachment holes to clear the bushings that hold the fixed side of each leading
edge in place. This is clearly shown in Figure 1.

The drawing family tree of all drawings comprising the leading
edge assembly is given on Figure 3. Each of these components will be
discussed individually starting with the RPP leading edge.

_RPP panel - Details of the RPP are provided in Figure 4. This
drawing shows how each ply of the lay-up is to be configured and positioned.
It is typical of an RPP lay-up drawing. Trim lines for each ply, where not
dimensioned, are determined from a stable drawing, which is scaled by shop

and inspection personnel.
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The skin panel, ribs, and spars are all integrally laid up to-form
an integrated structure for maximum reliability and stiffness. This approach
avoids bonding or riveting of primary structural elements to form the component.
This design has two primary advantages as compared with designs employing
multiple ribs or intercostals: (1) tooling and lay-up costs are lower and (2)
interlaminar tensile stresses are maintained at manageable levels, because
critical corner bending moments approach zero, as the corners tend to act as
simple supports.

The skin thickness varies from 34 plies in the stagnation area to
20 plies at the windward trailing edge and 16 plies at the leeward trailing
edge. These thicknesses were selected to accommodate loss of coating,
oxidation during entry with a 20 per cent margin, and sufficient remaining
material to permit cruise maneuvering and landing without failure, The skin
build-up is such that the oxidized condition results in continuous plies for load
carrying. Thus, 'filler' plies are sandwiched between continuous outer and
continuous inner plies. This avoids raw edges and prevents peel.

Ribs remain at a nominal 12-ply as was used on the Phase II
leading edge. However, overlapping splices are used in the Phase III design
for tailoring the cloth in the ''shrink' rib flanges. This results in a
variable flange thickness,

Lug regions are built up to 23 plies as compared to the 17 plies
used in Pha.se II. The added thickness was intended to accommodate edge
radii to reduce chipping possibilities and to permit chamfer of attachment holes,
while maintaining static bearing stresses low. This design shows high margins
statically, but when one of the Phase III leading edges was tested under
acoustic noise loading conditions, it was found that wallowing of the chamfered
holes and edge chipping of the other holes occurred. Thickening the lug
regions and enlarging the hole diameters proved to be an acceptable production

fix as demonstrated in a retest. Lug region thickness is 34 ply (0. 45 inch).

12



As in Phase II, T-section seals are used at the trailing edges to
overlap the RSI. In the interest of economy, trailing edge seal design was
exactly like Phase II to utilize existing lay-up tooling. These T's are bonded
in place and further secured with RPP rivets as in Phase II. Improved
tolerance control and tooling resulted in bonded joints with no delaminations.
This is in contrast with Phase II where local edge bond delamination was
experienced on all three leading edges.

Support Structure - The support structure is that structure

bridging the gap between the wing front beam and the RPP panel (exclusive
of support brackets which are covered separately). The support structure
is illustrated in Figures 1 and 2. Side members are triangular shaped
0.040 inch titanium to form a truss. Titanium is employed because temper-

ature at the forward portion of the truss can reach nearly 600°F.
Titanium flanges are employed to provide support for the upper

RSI panel. Gussets which were designed into these flanges at the corners to
provide increased stiffness, when the door is removed, proved highly
effective. A central portion of each side flange (not shown) is removable
to permit removal of the canted heatéhield. This approach, though increasing
access time through the heatshield, greatly simplified the insulation
design by eliminating the need for ''picture frame' insulation on the aft side
of the canted heatshield.

The titanium is insulated from the aluminum front beam with
strips of laminated polyimide figerglass at each joint.

Support Brackets - The RPP leading edge component is tied to

the wing through two lug type joints on top and two on the bottom (Figure 2).
The upper brackets are attached to the titanium support structure, while the
lower brackets bypass the titanium and tie directly into the aluminum front
beam. This was done to produce greatest design simplicity, maximum
stiffness, and longest heat path.

The upper bracket is a straightforward steel weldment, gusseted

to provide side stiffness. Since it operates in a low temperature region of the
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leading edge (IOOOOF) and ties to titanium, there is no heat flow problem. A
backup fitting on the aft side of the titanium is employed to transfer loads
from the support bracket into the titanium sheet metal.

The lower bracket on the other hand operates _. a 2000°F region
of the leading edge and must drop this temperature to below 350°F at the
aluminum structure. Therefore, thermal requirements, rather than
structural requirements, dominate the design. A suitable design was
produced by virtue of three main features:

(1) Long conduction paths in the Inconel 718 fitting. Structural
stiffness is retained even with a long bracket through the
use of a wide base where it is anchored to the front beam.

(2) Low conduction area in the Inconel fitting. This was
achieved by using a truss, tripod arrangement to maintain

structural integrity, while miinimizing cross sectional area.
(3) Introduction ot an insulator. Poliyimiae fiberglass is

employed within its temperature limits at the cool end of
the bracket where it is most effective. It is applied in
series with the structural path so that conduction area is
minimized while the conduction path is maximized. Thus,
it is much more effective than sandwiching an insulator
between two structural members, which is the usual
approach. The design is so effective that relatively thick
(0. 25 inch) polyimide fiberglass can be used to maintain
low operational stress levels for high reliability.

The bracket design is shown in Figure 5, where the Phase III
design is contrasted with a proposed production design. The primary
difference between the two designs is that by virtue of the need for the
Phase III test articles to be assembled as either single or dual-segment
configurations, each support fitting must be a separate unit. On a flight
vehicle, adjacent leading edge segments would share a single support

bracket, which could be fabricated as a casting.
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Because of the design of the bracket, a metal fastener and
spacers are employed without the need for ceramic insulators as initially
envisioned. This is a significant feature of the design, because it eliminates
potentially unreliable, brittle ceramic insulators. Results from the acoustic
noise test (referente Section 1.1.1. 4) strengthen this contention, where even
the coated RPP suffered wear and chipping. It doesn't appear feasible to
employ ceramics unless these are close fitting and trapped or encased so that
in the event fracture is encountered, pieces are not lost.

Entry temperature tests discussed under Task 3 confirmed the
ability of the bracket design to restrict aluminum temperature to an accept-
able level. In the most representative test aluminum temperature pealed at
231°F, well within the 350°F allowance.

Heatshield Assemblies - Heatshield assemblies are the individual

insulation assemblies consisting of insulation, strain isolator, and support

structure. There are heatshields to protect the support brackets and a
main, canted heat shield that protects the aluminum front beam.

_ The insulation used in Phase III was an alternate material
because RSI desired for this application could neither be obtained nor could
be afforded. As a result, VSD elected to use Johns-Manvilles Dynaquartz
insulation because it is thermally respresentative of RSI and has a temper-
ature capability in excess of the 2300°F required. The canted heatshield
employs 10 1b/ft3 Dynaquartz, while the insulation around the lugs uses an
experimental 15 lb/ft3 Dynaquartz. The increased density was required,
because heat inputs into the insulation required excessive thickness of the
10 1b/ft3 material to protect bondlines from overheating. Even with the
15 lb/ft3 density, szipport structure was required to provide heat sink
capacity to maintain acceptable bondline temperatures.

Both upper and lower lug insulation systems are similar,

Figures 2 and 6, in thatthey employ: titanium support structure which,
as noted, serves also as heat sink; a silicone foam strain isolator,

Raybestos-Manhattan RL.1973 (20 lb/ft3), which functions to relieve thermal
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stress between the insulation and the titanium and attenuates bondline
stresses from dynamic loadings; RTV-560 silicone rubber bonding material;
and, finally, the insulation. The strain isolator was sized primarily to limit
dynamic stress levels, Calculations showed that 0. 10 inch thick RL1973
would maintain 3-sigma stresses at 2,55 psi for a 32 g-rms response. This
is well below the failure stress for this material, which is in the 15 psi

range for interlaminar tension.

The bond area is limited because bondline temperature cannot
exceed 600°F for the RTV560/RL1973 materials. Theretore, a border of
unbonded insulation ‘is required. The insulation tiles are shiplapped to
prevent direct radiation to the bondline.

The insulation support structure is tied directly into the brackets
that support the leading edge. Temperature effect on the aluminum front
beam from this technique was analyzed for the lower lug and was found to

increase aluminum peak temperature by only 3°F,
The canted heatshield (Figure 6) consists of a 9-ply polyimide

fiberglass structural panel, stiffened with 9 ply polyimide fiberglass ribs on
the aft side; and 10 1b/:‘.'t:3 Dynaquartz insulation front and rear bonded with
RTV560 to 0. 25 inch thick RL1973 foam strain isolator.

Polyimide fiberglass was selected because it could be made
lightweight; provide a flat surface for bonding insulation tiles; produce good
stiffness between stiffeners, because, due to its low density, it could be
made thick without weight penalty; and the stiffeners would not become a
heat short on the aft side. Polyimide parts were used in the support
brackets noted above and VSD was producing parts from polyimide fiberglass
for a missile program so that existing specifications could be used.

Although parametric analysis indicated that it would be more
efficient, weightwise, if the insulation were all applied to the forward side
of the heatshield support strucute, insulation tiles could not be procured
with sufficient thickness to permit this approach. Therefore, weight
penalties from additional bondlines and strain isolation were incurred

by splitting the insulation front and rear of the canted support structure.
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Dynaquartz has high thermal efficiency and, although there are
a number of other candidates for the lower temperature (< 600°F) aft side
insulation, it was also employed on the aft side to reduce program costs
through design and handling of only one type material. Tiles were ship-
lapped on the froat surface to block direct radiation to the bondline. On the
aft side, the temperature is sufficiently low (< 600°F) that radiation-is-not
severe, so butt joints are used.

Strain isolator thickness and tile size were established from
dynamic analyses, using a 32 g-rms response limit. These analyses are
discussed later (Section 1.1.1.4), but they evaluated different numbers of
tiles and different strain isolator thicknesses to arrive at a suitable
arrangement that would limit interlaminar tensile stresses, primarily
induced from support panel flexure, within material capability., However,
as will be discussed later, Dynaquartz failure in a vibration test occurred
from fatigue and therefore apparently at a stress level below the 3-sigma
value computed. A subsequent vibration test with several modifications
(Task 2) ultimately passed the vibration test. This was a demonstration to
show that a rigid insulation approach could be designed to meet design
dynamic load environments.

A specific thermoeleastic analysis of the insulation design was
not performed by VSD. However, the insulation is a silica,so the design
was considered acceptable by similarity to the Lockheed LI-1500 material,
NASA-JSC conducted analyses of LI-1500 at heating rates approximating
Phase IlI requirements. These showed high margins, especially in the
uncoated material (the Dynaquartz is likewise uncoated), which indicated
acceptability of the VSD design.

The canted heatshield cannot extend full width on the front side
of the canted plane because of installation limitations, Therefore separate

'"picture frame', rib truss insulation strips are attached on the front side.

These are designed like the canted heatshield except that the insulation/
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strain isolator system is bonded to a titanium '"'carrier'' panel. This permits
easy bench buildup of heatshield assemblies, which are ultimately bolted
into place, and facilitates installation and removal.

Another small assembly of insulation is required between the
upper support lugs. This is fabricated like the rib truss insulation in that
a titanium carrier panel is employed for installation and removal.

Simulated RSI External Panels - As shown in Figures 2 and

6, an upper and lower panel were designed for the leading edge to
represent RSI close-out panels. As with the internal heatshields, these
were designed for 10 lb/ft3 Dynaquartz to thermally represent the RSI.
Thermal analyses showed that bondline temperatures would not exceed 600°F
for the designs shown, and dynamic analysis computed 3-sigma interlaminar
stresses not in excess of 3.5 psi.

Each panel employs titanium support structure, 0.25 inch thick
RL1973 foam strain isolator and RTV560 bond material to attach the Dyna-

quartz. By virtue of panel curvature the upper panel has inherent stiffness.
The lower panel by contrast is flat and therefore employs a stiffener on the

front edge, while on the aft edge it is tied into the front beam along its width.
The lower panel has sculptured insulation bonded to its upper
side to fill gaps, which would otherwise allow direct radiation heat shorts

from the hot RPP to the cool aluminum structure. The aft end of the

titanium is insulated from the aluminum front beam with laminated figerglass.
This is not required on the upper panel because titanium temperature at the
aft endge is sufficiently low.

Front Beam - The front beam is one piéce of 0.10 inch thick
6061-T6 aluminum and is used primarily to simulate the heat sink capacity
of the Shuttle wing front spar. It also serves to complete the structural box.

Ground Test Support Fittings - There are two steel lug fittings,

top and bottom, that have been included to permit fastening of the two
assemblied to ground test frames or support structure. Each lug is equipped
for two fasteners so that when load testing, bending moments from eccentric

reactions are not induced into the leading edge titanium support structure.
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r.1.1.2 Structures Analysis

Static structural analyses were performed on the RPP segment,

brackets, and support structure to prove adequacy of design.

static analyses conducted are summarized in Table 1.

analyses are covered in Section 1.1.1. 4.

The extent of

Dynamic load

ver(oxidized
RPP)

(Max stress
& buckling)

Table 1. Static Structural Analyses
Conditi Element
ondition RPP Panel Support Brackets {Support Structure [nsulation
Boost Pressure |[NASTRAN | Hand Calculation Hand Calculation -
Boost Inertia NASTRAN | Hand Calculation Hand Calculation {Hand
(vibration side Calculation
load)
Entry Thermal |NASTRAN - Hand Calculation |[By similarity
Stress Jto NASA-.JSC
analysis
Cruise Maneu- |[NASTRAN - - -

Results of these analyses, structural design criteria employed,

and design allowables used are discussed in the following paragraphs.

Design Criteria - Structural design criteria were essentially

the same as those used in the Phase II program, reference 2.

Significant

changes from Phase II included the addition of + 0.5 psi venting pressure lag

during cruise maneuver, and a 32 g limit inertia side load condition to

provide strength and stiffness against dynamic loading.

pressure loads are shown in Figure 7.

Specific design

These load conditions incorporate

the following ultimate factors of safety, which were used for design analysis:

Boost

Entry

1.4 x Limit
1.5 x Limit

Cruise Maneuver = 1,5 x Limit

The entry factor of safety also applies to entry thermoelastic

stresses,
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In addition to the factors of safety employed, minimum margins
of safety were established to insure conservative design in joint regions.

The following minimum margins were established:

Basic Structure - Positive
Shear Joints - +15%
Tension Joints - +50%

RPP Lugs (Inplane) +100%

Design allowables, discussed in the next paragraph, were
established to represent ""A'" values, and were based on data obtained in the
Phase II program, reference 2. These, when combined with the noted
margins of safety, were intended to provide design conservatism.

RPP Design Allowables - Structural-analysis of the leading edge

requires material allowables for both coated and bare RPP. Bare data is
employed in analysis of the '"oxidized'' leading edge for cruise maneuver
loads while coated data is used for all other design conditions. Since test
data covering the full range of design thicknesses were not available at the
time of design analysis, extrapolation of the then existing data was required

to establish design allowables. Room temperature strength and elastic

moduli used for analysis are shown in Figure 8. These were established
from data of reference 2 and in-house tests. Strength properties show a
33% reduction from average values based on a statistical evaluation of 57
flex bars from 17 coating runs as summarized in reference 2, This
produced "A'" values, 99% probability, 95% confidence, approximately 33%
below average values. This relationsip was also applied to all other strength

properties in lieu of specific statistical data.
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Temperature effects were based on the data of reference 2. The
design curves are shown in Figure 9 for both strength and elastic molulus
of coated RPP. 'I";xe data is for 13-ply material but the trends were applied
to other thicknesses as well.

Boost Loads Analysis - All structural analyses conducted on the

Phase 1II leading edge used NASTRAN, level 11.1.4, which is a finite
element computer analysis technique, employing bending and membrane
elements. Because of symmetry in both loads and design only one-half of
the leading edge was modeled for boost pressure loads analysis. The
model, which included 3000 degrees-of-freedom, is pictured in Figure 10.
This same grid pattern was also used for thermoelastic analyses and was
coincident with the thermal model to avoid temperature interpolation. A
summary of the critical stress conditions and margins of safety ié given in
Figure 11. The minimum margin for pressure loads (excluding the side
load case) is 40% which occurs in the rib flange. All other margins are
high, being over 100%.

Maximum panel deflection occurs at the panel centerline near
the lower spar and is a reasonable value of 0. 072 inch at limit load.

The 32 g-rms limit side load analysis was a special boost load
case, requiring modeling of the complete leading edge segment, as opposed
to half, because side loads are resisted only on one side of each segment;
the other side is allowed to float. The model employed 2000 degrees-of-
freedom. This loading condition was critical only for shear in the fixed
side lug regions, where twist produces a relatively high inplane shear stress.

The 31% margin remains substantial.
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4
VG

RIB

E G
F H
D Al
\ LOWER /
@ SPAR ¢
SYM. SYM.
MAXIMUM ULT.
ULTIMATE| ALLOW.* | MARGIN
MATERIAL TYPE OF STRESS STRESS OF
POSITION | STRUCTURE | THICKNESS | STRESS PS! PSI SAFETY
Al LUG 23 PLY SHEAR 1905 2500 0.31
A2 RiB 12PLY TENSION 3850 5400 0.40
UPPER SPAR | 20PLY COMPRESSION |-1570 —8800 4.60
LOWER SPAR | 20 PLY COMPRESSION |-2360 —8800 2.73
SKIN 20 PLY MAXIMUM -1075 -5160
COMPRESSION COMP. +4.1
6120
FLEXURE
E SKIN 22 PLY MAXIMUM +800 6300
MEMBRANE TENSION | HIGH
TENSION 10,200
FLEXURE
F SKIN 21 PLY MAXIMUM +800 6300
FLEXURE TENSION | HIGH
10,200
FLEXURE
SKIN 22 PLY SHEAR 750 2500 2.33
H UPPER LUG | 23PLY SHEAR 800 2500 2.12
LOWER LUG | 23PLY FLEXURE 4250 10,200 1.40

*FROM FIGURE 8

ALL STRESSES ARE FOR LOAD CASE || EXCEPT “A1” AND "“H” WHICH ARE FOR 32 “g” SIDE LOAD,
AND B WHICH IS FOR LOAD CASE IV. REF FIGURE 7, BOOST PRESSURE LOADS

FIGURE 11 SUMMARY MARGINS OF SAFETY BOOST PHASE
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Entry Thermoelastic Analysis - Thermoelastic analyses were

performed at entry times of 260, 300, and 400 seconds. These times
covered conditions that produced maximum thermal gradients in ribs,
through the skin, and in a circumferential direction around the leading edge,.
The NASTRAN model was as pictured in Figure 10  and involved 3000
degrees-of-freedom. NASTRAN handles thermoelastic problems by
averaging the temperatures at the grid points defining each element, and
then assumes that the temperature is constant over the whole element.
Thermal elements allow the average temperature to vary through the
thickness only. Free thermal strains are computed based on the input
reference temperature, the element geometry and the element coefficient of
thermal expansion. Then, using the input material properties, the forces
necessary to return the element to its original size and shape are computed.
These '"equivalent static loads'' are then divided equally and applied at the
grid points defining the element, The anisotropic nature of the elements is
retained and warp and fill properties were used. In addition, all element
properties were made temperature dependent. Different from the static
analysis, the compression modulus was used for the membrane element in
ail thermoelastic analyses, which is conservative for tensile stresses.

A summary of the margins of safety computed for the entry
thermal conditions are shown in Figure 12. All margins are large with
the minimum being 134% at ultimate. This results from circumferential
skin gradients at 400 seconds, when temperatures are maximum, The next
lowest margin is 174% on tension and occurs in the ribs due to thermal
gradients through the rib flange depth.

Maximum deflections occur at 400 seconds from initiation of
entry, when temperatures are maximum. The maximum spanwise growth
at the stagnation line is 0.052 inch at limit conditions. This includes off-
setting effects of thermal expansion and restraining stresses. Skin deflection
normal to the surface was computed as 0. 055 inch (bowed outward) at limit

stress., This value is relatively small.
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UPPER SPAR\

B Y N 7
¢ l RN N
E
D o RiB 5 SKIN
A e G&H G&H Je
¢ °c
\ \®F 4
G SYM ¢ SYM
LOWER SPAR
MAXIMUM ULT.
MATERIAL ULTIMATE | ALLOW.* MARGINS SEC.
THICKNESS & |TYPE OF STRESS STRESS OF FROM
POSITION STRUCTURE | TEMPERATURE STRESS PSI PSI SAFETY ENTRY
A SKIN 29 PLY 1960°F|TENSION 1790 6,300 +2.52 400
B SKIN 34 PLY 2420°F FLEXURE 1050 15,250 HIGH 400
c SKIN JOGGLE | 25 PLY 1560°F [COMPRESSION| —2900 —~10,400 +2.59 400
D SKIN 29 PLY 1560°F |SHEAR 1070 2,500 +1.34 400
E UPPER SPAR 20 PLY 805°F |{TENSION 1400 5,600 +3.00 400
F LOWER SPAR | 20 PLY 920°F |COMPRESSION| -1000 —9,000 HIGH 260
G RIB 12‘PLY 1410°F |TENSION 2050 5,600 +1.74 300
H RIB 12 PLY 2180°F [COMPRESSION{ -—1560 -12,000 HIGH 400
J SKIN 16 PLY 670°F |TENSION 1030 3,600 +2.5 400
*FROM FIGURE 8 AND 9

FIGURE 12 SUMMARY OF MARGINS OF SAFETY — ENTRY PHASE
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Oxidized Leading Edge Analysis - In the event that the coating is
non-existent at initiation of entry, a substantial portion of the leading edge
will be oxidized away during entry flight. The leading edge was designed
such that at the conclusion of the entry phase, at least 10 plies remain, even
if oxidation predictions are in error by 20%. Of the 10 plies remaining two
of the plies are assumed ineffective because of back surface coating; this
leaves effectively 8 plies of bare skin material structurally capable of
carrying cruise maneuver and landing loads. A 2.5 g pullout cruise maneu-
ver is the critical loading condition and is described in Figure 7.

The oxidized leading edge was modeled as shown in Figure 10
to compute internal stresses. Bare material strength and elastic modulus
were as defined in Figure 8. A summary of computed margins of safety
is shown in Figure 13. Note that all margins are very high, with the
lowest, 150%, being for shear stress in the skin.

The maximum panel deflection occurs at the panel centerline
just forward of the lower spar, and is equal to 0,050 inch at limit load.

The oxidized leading edge has also been analyzed for buckling
with the NASTRAN routine. The math mode!l is shown in Figure 14 and
is comprised of anisotropic membrane and bending elements. A full model
is required to obtain proper buckling loads and mode shapes. The mesh
size shown is larger than for the static analysis model (Figure 10) but it
provides proper representation of the stiffness, which is the most important
buckling parameter. Approximately 700 degrees-of-freedom were employed.
Stress recovery is not needed and therefore does not dictate mesh size.

Material properties used in the buckling analysis are from
Figure 8. The 8 ply bare compression and flexure moduli were used for
skin membrane and bending elements respectively. The 12 ply coated
tension and flexure moduli were used for the rib membrane and bending
elements,

Load Case I, Figure 7, Cruise Maneuver, is the critical
cruise load for buckling. This load condition occurs during a 2.5 g

maneuver and includes an 0.5 psi collapse venting lag.
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RIB
A
Fe
\ LOWER
SPAR
SYM.
MAX.
ULTIMATE| ALLOW.* MARGIN
TYPE OF STRESS STRESS |LOAD| OF
LOCATION | STRUCTURE | STRESS PSI PS| CASE | SAFETY
A RIB TENSION 540 5400 1 | HIGH
B UPPER SPAR | COMPRESSION| —-950 -8700 2 [HIGH
c LOWER SPAR | TENSION 1190 6100 1 |43
D SKIN TENSION 581 6700 1 | HIGH
E SKIN FLEXURE -840 11000 1 | HIGH
+ AXIAL
F SKIN SHEAR 960 2400 1 |150

*REFERENCE FIGURE 8

NOTE:

1) RIB ALLOWABLE STRESS BASED ON 12 PLY COATED MATERIAL
2) SPAR ALLOWABLE STRESS BASED ON 20 PLY COATED MATERIAL
3) SKIN ALLOWABLE STRESS BASED ON 8 PLY BARE MATERIAL

FIGURE 13 SUMMARY OF MARGINS OF SAFETY
OXIDIZED LEADING EDGE — CRUISE MANEUVER

33







NASTRAN performs *he buckling analysis by solving for the
roots or eigenvalues of a characteristic equation involving both elastic and
differential stiffness matrices. Results are illustrated in Figure 15,
where the eigenvalues represent the factor above ultimate load at which
buckling would occur. A high margin is evident, indicating a high resistance
to buckling. The minimum margin of safety is: M.,S. = (3,43 3+ 1.0) -1 =
2.43 (243%) at ultimate.

The centerline buckle mode shapes for )1 and )\ 5 are shown
in Figure 15. The full lower panel buckle mode shape for A 1 is presented
in View A-A on Figure 15. The first mode shape is a full sine wave,
which is typical of a radially loaded arch or cylinder.

A classical buckling problem was evaluated using NASTRAN and
the results compared favorably. A simply supported 6'" x 12" flat aluminum
sheet loaded in edgewise compression was evaluated using NASTRAN and
found to have a minimum eigenvalue of 0.976 and a full sine buckle mode
shape. Classical theory predicts an eigenvalue of 1.05 and a full sine
buckle mode shape.

A separate computer routine was written to verify external
. equilibrium of NASTRAN solutions. The purpose of these checks was to
insure that all the applied loads are internally balanced.  In all cases,

equilibrium was satisfied.

Support Structure - The titanium support structure and support

brackets were analyzed for the leading edge reactions from the loading
conditions defined in Figure 7, the 32 g-rms limit side load condition,
and for the entry condition, where the front truss member expands relative
to that portion tied to the wing spar. A summary of marginﬁ is given in
Figure 16.

The lowest margin, 19%, is somewhat ficticious, since this is
based on crippling. For the thermal expansion condition the crippled flange
will simply '"get out of the way'' and the remaining members will continue
to support the induced loads. Other margins are considerably in excess of

the 0% margin required.
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UPPER ACCESS PANEL

TITANIUM
S
ALUM HEAT N
SINK ONLY R
FWD. BEAM
TITANIUM
UPPER LUG
INCONEL 2
sackls onacrer
TITANIUM
DIAGONAL
TITANIUM
"%
FIBERGLASS HEAT- /
SHIELD PANEL a4
(SECONDARY
STRUCTURE) LOWER LUG
INCONEL/
FIBERGLASS.
ULTIMATE
: MARGIN OF
ITEM MATERIAL CRITICAL CONDITION SAFETY MODE
UPPER ACCESS | .064 BOOST +1.81 BUCKLING
PANEL B6AL-4V TI
RIB TRUSE
- FWD BEAM .064-.072 BOOST +0.79 CRIPPLING
6AL-4V TI
- SIDE BEAM .04-.072 BOOST +1.00 CRIPPLING
B6AL-4V TI
— DIAGONAL .04 BOOST +1.31 CRIPPLING
6AL-4V TI
ENTRY -THERMAL +0.19 CRIPPLING
EXPANSION
— VERTICAL .04 ENTRY-THERMAL +1.90 CRIPPLING
6AL-4V T EXPANSION
UPPER LUG .156 SIDE LOAD +1.21 BENDING
INCONEL 718 VIBRATION
BACK-UP 156 321 SIDE LOAD +0.66 BENDING
BRACKET STAINLESS STEEL VIBRATION
LOWER LUG .078 SIDE LOAD +0.51 CRIPPLING
INCONEL 718 VIBRATION
— SPLICE .25 SIDE LOAD HIGH COMPRESSION
POLYIMIDE VIBRATION
- ATTACH 125 SIDE LOAD +0.83 BENDING
ANGLES 2024-T4 ALUM
LUG BOLT INCONEL 718 BOOST HIGH BENDING
ENTRY HIGH BENDING

FIGURE 16 SUMMARY OF MARGINS OF SAFETY — SUPPORT STRUCTURE

37




1.1.1.3 Thermal Analysis - Thermal analyses were conducted primarily

to:

(a) establish thickness requirements to accommodate surface
recession in the event of coating loss,

(b) define temperatures and gradients in the RPP leading edge
to support the structural analyses,

(c) define insulation thickness requirements and bondline and
support structure temperatures to assure thermal integrity

of the design.

Design Criteria - Thermal design criteria were the same as those

employed in the Phase II program, reference (2). Only the entry trajectory
is critical for thermal and thsrmal stress conditions. The design entry
profile is given in Figure 17. No specific factors of safety were employed
on heating rates or temperatures. Heating rate distribution around the
leading edge, used for design, is provided in Figure 18. These data are
for the Rockwell International delta winged vehicle SSV-161C, and the entry
data is for trajectory No. 935,

Temperature limits for titanium and aluminum were established
at 600°F and 350°F, respectively. Maximum soak temperature in orbit,
based on NASA approved Rockwell International data, was +130°F.

Entry Oxidation - Entry oxidation analysis was performed using

a VSD ablation routine which accounts for reaction rated control, transition,
and diffusion control oxidation mechanisms. Oxidation characteristics of
bare RPP were based upon plasma arc test data.

Effects of cross radiation were included in the oxidat.ion analysis
by permitting the inside surface of the skin to participate in radiant inter-
change with a surface of specified time variant temperature equal to the
average temperature within the leading edge cavity. This cavity temperature
was taken from Phase II cross radiation analysis results. Since the average
cavity temperature could conceivably be different for the thick skin fail safe
design than for the thin skin Phase II design, a comparison was made

between peak inside skin temperatures from Phase II cross radiation analyses
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and from the current ablation analyses. The resulting temperature distri-
bution comparison in Figure 19 indicates that the average cavity
temperature for the fail safe design with ablation is very close to that
established in Phase II for the thinner skin.

Oxidation results are presented in Figure 20. Thickness
losses for ten locations on the leading edge are shown as a function of
wetted distance around leading edge. The maximum thickness loss from
this curve is at the stagnation line and is 0.236 inch. THis drops to 0,076
inch at the windward trailing edge and to essentially no recession at the
leeward trailing edge.

Computed thickness losses, with an added 20% margin, were
added to preliminary estimates of structural thickness requirements to
establish the total skin thickness for the fail safe design analysis.

Temperature Distribution in RPP - Temperature analyses were
conducted on the RPP leading edge to establish temperature distributions
for thermoelastic stress analysis and to verify design conditions for the

internal heatshield assemblies.

Thermal analyses were preformed using a VSD computer routine
Which accounted for internal cross radiation, conduction and heat sink effects.
Analyses extended through the periods of maximum thermal gradients and
maximum temperature. For the RPP portion of the analysis an initial
temperature of -170°F was used to obtain worst thermal gradients in the
material.

A two dimensional thermal model was used in the analysis of
leading edge skin temperatures. Internal insulation was represented by an
adiabatic surface and results in slightly conservation insulation temperatures.

The temperature of the leading edge reaches a peak of 2547°F
at a time of 660 seconds. Temperatures at the other locations for this time
are presented on Figure 21. Comparing these results to those of the
Phase II analysis shows lower maximum temperatures for the present study.
The maximum temperature of the skin is 2547°F compared to 2592°F for

Phase II, and the maximum temperature of the insulation is 2272°F compared
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to 2396°F for Phase II. The lower temperatures for this study are the
result of two factors: (1) higher nominal skin emissivity (0. 94 maximum
versus 0.85, reference (2)), (2) higher circumferential heat conduction due
to thicker skin. These two factors offset the reduction in cross radiation
effect due to a thicker skin. Comparing the current temperatures with
radiation equilibrium values shows that the temperature reduction due to
cross radiation and heat conduction for the fail safe skin is_1 23°F, compared
to 148°F for the thinner skin analyzed in Phase II.

One of the primary purposes of the thermal analyses was to
determine the location and magnitude of the maximum thermal gradients in
the leading edge. In order to determine the maximum gradient around the
periphery of the leading edge, the temperatures at various times were
plotted as shown on Figure 22. From this data it was determined that the
maximum gradient of 541°F/inch occurs between nodes 12 and 14 (reference
Figure 21) on the leeward side, where the wing support insulation begins,
at a time of 400 seconds. This gradient is higher than the Phase II compﬁted
value of 325°F/inch. A finer nodal network was used in the current analysis
in the vicinity of the peak gradient in order to more accurately define the
magnitude of the gradient.

The maximum thermal gradient through the thickness of the
leading edge is 697°F/inch and occurs at the maximum heating location at a
time of 300 seconds.

To analyze temperature distributions in the ribs two-dimensional
thermal models were constructed of the rib and seal strip at six circum-
ferential locations in the cavity area of the leading edge; that is, the area
where the skin is not internally insulated. Three-dimensional models were
constructed of the two lug areas, where the skin is insulated to protect the
attachment lug. Computed temperature distributions indicate that the
maximum temperature drop across the rib in the cavity area is 346°F at the
maximum heating location, compared to 300°F computed in Phase II. This
is due to the lower thermal conductivity used in the current analysis as

compared to the Phase II design value. The current conductivity is based
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upon the Southern Research Institute data from Phase II (reference (2)).
In the windward side lug area the maximum temperature drop across the
rib is 1205°F, compared to 1100°F in Phase II.

Predicted temperatures for the rib and adjacent skin are
presented on Figure 23 for a time of 660 seconds. Results of the leading
edge skin analysis are included on the figure and agree very well with the
predicted skin temperatures obtained in the rib analysis. Simarly, rib
gradients were determined at 260, and 400 seconds. In addition, rib
gradients at the maximum heating location were determined at various
temperatures between 240 and 360 seconds. This confirmed that the
maximum gradient occurred at 260 seconds.

The windward and leeward side support joint area rib tempera-
tures were analyzed using 70 node three dimensional thermal models. These
models included heat conduction along the skin and rib, across the insulators
and into the steel bolt and support fitting. Cross radiation from the skin and
surrounding structure to- the portion of the rib outside of the bulk insulation
was considered, as was heat conduction through the bulk insulation and into
the support joint.

Computed temperatures in the windward side support joint are
shown in Figure 24 for entry time of 400 seconds. This is at the time of
peak skin temperature gradient. It is seen that the temperature drop across
the rib for the windward side, between nodes 6 and 37 is 1191°F at 400
seconds. This temperature drop peaks at 380 seconds at a value of 1205°F.
This compares to a value of 1100°F computed in Phase II. This drop is

.considerably higher than that in the cavity area because:
Heat transfer from skin to rib is by conduction only, since
bulk insulation suppresses cross radiation.

. The rib height is higher in the support joint area than in

the cavity area.
. Attachment hardware at the inboard side of the rib serves

as a heat sink to maintain relatively low temperatures.
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Insulation Analyses - Analyses were conducted on all areas of

the leading edge assembly to ensure that the insulation design was thermally
acceptable and temperatures did not exceed desired limits. These analyses
included the following:
(1) Canted heatshield and front spar, combined with the inter-
action from the upper RSI access panel.
(2) Titanium rib truss/aluminum front spar interface region on
the windward side of the leading edge.
(3) Lower lug support bracket insulation assembly.
(4) Upper lug support bracket insulation assembly.
(5) Lower panel insulation.
Each of these are discussed in the following paragraphs and
temperatures of the final design configuration are presented. Parametric
analyses leading to the design of the canted heatshield are covered under

Task 2.

The canted heatshield was first analyzed as a one-dimensional

heat transfer problem, excluding interaction effects from the upper RSI
panel. The model configuration analyzed is shown in Figure 25, which
shows the final selected heatshield sizing and the peak temperatures com-
puted from the analysis., The key temperatures are the bondline temperature,
which was to be limited to 600°F, and the aluminum temperature, which was
not permitted to exceed 350°F. For comparison against other front face

insulation thicknesses the following controlling temperatures were obtained:

Forward Insulation Aft Insulation Bondline Aluminum
Thickness, Inches Thickness, Inches Temperature Temperature
’r ’F
2.5 1.0 358 275
2.0 1.0 439 297
1.5 1.0 562 346

With 1.5 inch thickness on the front side and 1.0 inch on the aft side, desired
temperature limits are met. The design was based on this analysis.
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In Figure 25 the RPP temperature reflects an average inner
surface temperature for the stagnation region calculated from the cross
radiation analysis+{reference Figure 21). The insulation surface temper-
ature is lower than that shown in Figure 21 because of heat sink and
conduction influernces.

Because temperatures of the upper access panel and canted heat-
shield peak at different times, thermal analyses were preformed to determine
the effect of coupling,between the thermal response of the upper panel and the
canted heatshield,upon titanium and aluminum structural temperatures and
insulation bondline temperatures. The model included effects of cross
radiation between the back surface of the canted heatshield aft insulation, the
titanium structure for the upper panel, and the aluminum spar. Heat
conduction between the titanium and aluminum were also included.

Maximum computed temperatures are summarized in Figure 26.
It is seen that the maximum bondline temperature on the heatshield is 5720F,
which is 10°F higher than was computed with the previous thermal model
which did not include the upper panel. However, this temperature is still
within the acceptable 600°F limit. The peak aluminum temperature is 293°F
compared to 346°F with the previous model. The peak titanium temperature
is 271°F forward and 262°F aft compared to 345°F and 382°F, respectively,
computed with one-dimensional models. These reductions are due to heat
interchange between the titanium and aluminum, whose temperatures tend to
peak at different times.

Analyses which did not include heat transfer between the titanium
and aluminum, indicated that the titanium forward end would peak at 345°F at
3000 seconds, at which time the aluminum would be at 165°F. The
temperature-time curves in Figure 27 for the coupling analysis show that
heat transfer from the titanium to the aluminum reduces the titanium
temperature at this time to 260°F and increases the aluminum to 232°F,
Conversely, previous analyses indicated the aluminum would peak at 346°F
at 7700 seconds, when the titanium was only at 170°F. As shown in Figure 27,

heat transfer from the aluminum to the titanium causes the aluminum temperature
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to peak earlier at 5400 seconds, and reduces the peak aluminum temperature
to 293°F, while increasing the titanium to 271°F. The reason for the
tendency of the titanium temperature to peak earlier than the aluminum is
that the upper panel is much thinner than the canted heatshield. An
additional reason for the lower temperature in the coupling analysis is that
the aluminum spar is 12% longer than the canted heatshield, providing
additional heat sink which was not included in the previous analyses.

In summary, results of the final analysis indicate a substantial
improvement in temperature margin for the structural panels and only a
slight increase in bondline temperature, as compared with initial analyses.

A 94 node, three-dimensional thermal model was developed for

the titanium rib truss-aluminum spar interface region on the windward side

of the heatshield. The purpose of this model was to evaluate the potential
heat short across the lower portion of the rib truss into the aluminum. The
model included not only the heat short itself, but also radiation from the aft
side of the aft insulation to the aluminum and conduction across the polyimide
support bracket. Maximum computed temperature in the aluminum was
358°F.

The analysis was based on an early version of the heatshield and
leading edge support brackets. Subsequently, potential heat shorts to the

aluminum spar were reduced by revising the heatshield and support bracket

designs. Further, the coupling analysis between the heatshield and upper
panel showed that the aluminum spar would operate at a much reduced
temperature (by 53°F) than the one-dimensional analysis would indicate,

With these factors it was judged that the 358°F aluminum temperature
calculated for the truss heat short would readily reduce to below 350°F for the
final design, and a reanalysis was not performed.

The lower lug support bracket insulation was initially sized for

10 lb/ft3 Dynaquartz insulation, based on the heatshield analysis, since
surface temperatures were equivalent. However, the lug insulation is heated
from the front, sides, and bottom. This three directional heating has a

significant effect upon the insulation requirements in this area. The final
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lug insulation design was limited by the maximum density (15 1b/ft3) and
thickness (3.0 inch) of Dynaquartz that could be obtained. This necessitated
using the titanium insulation support bracket as heat sink to maintain
temperature within acceptable limits for the RT V560 bondline. Details of
the analyses are discussed below,

Three-dimensional thermal analyses were performed on the
Dynaquartz insulation around the lower support lugs, including the titanium
support brackets. The objectives of these analyses were to predict the
insulation bondline temperatures and to evaluate the potential heat short
down the titanium support bracket to the cool end of the Inconel support lug
bracket,

A 157 node thermal model, used for analysis of the lower lug
insulation assembly, was based on three inch insulation thickness, as
indicated in Figures 28, 29, and 30. Analyses were performed
for a two inch thickness of 15 lb/ft3 density Dynaquartz, as well as various

thicknesses of the titanium bracket. Results are summarized as follows:

Insulation Titanium Peak Bondline
Thickness, Thickness, Temperature,
Inches Inches o
2 . 05 898
3 .08 647
3 .16 590

It is seen that the final design combination maintains the bond-
line below its temperature limit of 600°F.

Peak computed temperatures for the final configuration are
presented in Figures 28, 29, and 30 Maximum temperature of the
polyimide insulator in Figure 30 is 397°F, which is well within tolerance
limits. The aluminum substructure temperature had not peaked at the end
of the computer run at 5300 seconds. However, the temperature rise of the

aluminum at this time was only 113°F as compared to a temperature rise

50



NOTE: SEE FIGURE 29 FOR LOCATION OF PLANE FOR THESE TEMPERATURES

TITANIUM
BRACKET \f \

3"

TEMPERATURES IN FIGURE 29

PEAK TEMPERATURES, OF / ARE IN THIS PLANE
- y —_ - - -
g ?/ p | / TR S N N
] s 1080 ™ 500 574 538 514 *INPUT TEMPERATURES
2377°9 [ ] [ ] [ ] —

2317°

LOWER EXTERNAL

DYNAQUARTZ
INSULATION PANEL

INSULATION
RPP PANEL

FIGURE 28 PEAK TEMPERATURES IN LOWER LUG INSULATION AND
SUPPORT BRACKET — SIDE VIEW

NOTE: SEE FIGURE 28 FOR
LOCATION OF THIS PLANE .
2317° 2377° 2377° 2377°

2377* [ ] [ ] ® [ ) < ~
2069 1814 1779 1952 2317° 887 472
2377° [ ] ® [ J [ ] [ [ ] CANTED
1830 1424 1308 13.u 1538 ™m 479 HEATSHIELD
2377 @ [ ] [ ] @ [ ] L J ®
1648 188 1020 988 1004 650 488
. . . . . R 0.10 IN. 20 PCF
an 15.04 1023 850 788 728 560 4:4 FOAM
w7 S1us ) 7% 00 b s 430
; £
2377 ® ® ° 379
1489 854 708 582 588 540 520—“
0.16" 18
TEMPERATURES IN 0.08"
FIGURE 28 ARE IN 08" " Ges
THIS PLANE garemnsy 520
NTITANIUM
PEAK TEMPERATURE
DYNAQUARTZ P BRACKET
*INPUT TEMPERATURE

FIGURE 29 PEAK TEMPERATURES IN LOWER LUG INSULATION AND
SUPPORT BRACKET — TOP VIEW

51



INCONEL:

BRACKET 415 I
® ° ° I
(397) }(355) (252)*

269 l(INSULA'I'IIC|)=\JI)
.
360 (INSULATION

|+I

A (mn [@s1) (253 ]
Ry A A

586**
A .J Y l X J

J 389} \ 1243*

POLYIMIDE
/ FIBERGLASS
TITANIUM INSULATOR

BRACKET PEAK TEMPERATURE b
of

**INPUT TEMPERATURES
{XXX) POLYIMIDE FIBERGLASS TEMPERATURE
*THESE TEMPERATURES HAD NOT PEAKED

AT END OF COMPUTER RUN

4V
LOWER RS!
PANEL
_— 389 243"
— — J' a
586.. - J Y . l
~ (397 |i361) (253)°
| -+ |
'+- | |
. | |
740** 412 | |
) [ ] [ ] [ ]
g11** (394) |(360) (252)* |
+ | P4
[ ]
L

FIGURE 30 PEAK TEMPERATURES IN LOWER LUG SUPPORT

52



of 110°F for the previous support joint analysis which did not include heat
conduction from the titanium bracket. Hence, the heat short from the
titanium bracket is not considered excessive.

A 152 node thermal model was used for the analysis of the upper
lug insulation assembly as indicated by Figures 31 and 32. The model
was based on 2.5 inch insulation thickness on one side of the insulation block
and 2.0 inch on the other side, as shown in the figures. Analyses were also
performed for a 2.0 inch thickness on all sides. The insulation was 15 ].b/ft3
density Dynaquartz. Various thicknesses were analyzed for the titanium
bracket.

The first analysis of the insulation assembly was based on two
inch insulation thickness on all sides of the insulation block, and a 0.10 inch
thick titanium bracket. Results indicated that the insulation bondline would
overheat; therefore, three additional analyses were made with various
thicknesses of insulation on one side (dimension A of Figure 32), a
constant two inch insulation thickness on the other two sides (dimension B

and C of Figure 31) and various titanium bracket thicknesses. The results

are summarized below:

Insulation
Thickness Titanium Peak Bondline
(Dimension A) Thickness Temperature
Inches Inch oF
2 0.15 610
2.5 0.10 610
2.5 0.16 556

It is seen that the final design combination maintains the bondline
below its temperature limit of 600°F. Peak computed temperatures for the
final configuration are presented in Figures 31 and 32.

The lower insulation panel was designed to represent a RSI

3 :
assembly, but used 10 lb/ft” Dynaquartz as a ground test alternate to the

RSI. The insulation is bonded through the strain isolator to a titanium
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support panel. This, in turn, attaches to aluminum structure (the front
spar), which requires temperature to be limited to 350°F maximum.

A two-dimensional model of the panel was constructed for com-
puter analysis. The particular analyses conducted used LI-1500 insulation,

0. 09 inch of foam, and 0. 040 inch titanium. Results are estimated to be
conservative for the final configuration which consisted of 10 1b/£t3 Dynaquartz,
0. 20 inch foam, and 0. 064 titanium panel with additional Dynaquartz insulation
on the inside of the panel.

Predicted temperatures are shown in Figure 33 for the
configuration with a 0.25 inch thick strip of polyimide fiberglass insulation
between the aluminum and the titanium panel. Temperatures of all the
critical locations are below the maximum allowed. Peak temperature at the
bondline between the insulation and the foam is about 550°F, SOOF below the
600°F maximum allowed. Peak temperature at the interface between the
polyimide and the titanium is less than 510°F which is well below the 700°F
maximum allowed. Also the peak aluminum temperature, extrapolated to be
333°F, is below the allowed 350°F.

An additional run was made with the thickness of the polyimide
insulation strip reduced from 0.25 inch to 0.125 inch. Peak aluminum
temperature increased from 333°F to 381°F which is above the allowed 350°F.
Interpolation between the two thickpesses indicates that a 0.2 inch thickness
of polyimide fiberglass insulator is adequate to prevent the aluminum
temperature from exceeding 350°F. Due to the small margin in this area,

additional analysis and tests would be required for a flight design.
Support Joint Bracket Analysis - Analyses and configurational

variations leading to the final design of the support brackets are covered
under the Task 3 discussion. This section presents only the analysis of the
final configuration. Two elements of the design are worth reiteration and
accounts for the performance and practicality of the design for flight
conditions. The first is the elimination of fragile, hard, ceramic insulators
in the lug bolt joint and the employment of an all-metal design. This enhances
reliability and confidence that the design will work in static and dynamic load

environments.

55



TEMPERATURE — °F

2200

2000

1800

1600

1400

1200

1000

800

600

400

200

= 1200
- ALUMINUM
)
C ! 41000
p— '
& e .
LUG P(7)LYIMIDE ”
= I !.6 =
S o ar;.r":-., tra
) = ~>t 4800
1 RSI PANEL
1
4600
J‘ H400
] L 1 1 —'10
0 2000 4000 6000 8000

TIME — SECONDS

FIGURE 33 PREDICTED TEMPERATURES WINDWARD SIDE RSI PANEL

56

TEMPERATURE —°C



Secondly, to make the all-metal joint work for the more criticallower
support bracket, a fiberglass insulator is used in series with the metallic
structure to provide a low conduction area - long path thermal resistance
into the aluminum. Reliability is gained by operating the fiberglass to low
stress levels through the use of thick laminates. The design is probably
overly conservative in this respect so that even greater thermal resistance
is potentially available from the concept.

Thermal analyses were performed for the lower support bracket

using a three-dimensional thermal model and a VSD computer routine which
accounted for heat conduction along the skin and RPP rib, across the contact
surfaces at the support joint, through the steel bolt and the bracket, and
across the insulation into the aluminum wing structure. Cross radiation
from the skin to the portion of the RPP rib outside the bulk insulation and
radiation along the expansion gap between the rib and sealing strip were
considered, as was the heat conduction through the bulk insulation and into
the support joint.

From an analytical standpoint the lower bracket design is highly
complex, including several joints, various materials, and gaps, where
radiation could be a factor. As a result of analysis corrslation with test
data (reference Task 3), it was found that temperature predictions were
sensitive to joint heat transfer coefficient and that a variable coefficient was
required for best agreement. Furthermore, an increase in the conductivity
of the Inconel material over nominal values originally/used were required.
This was reasonable because the literature on conductivity of nickel alloys
showed this degree of scatter. One other indication from the analysis/test
comparison was that an increase in conductivity for the RPP would more
closely match test performance. However, there was no real justification
for doing this on the basis of available conductivity data and the analysis to
examine such an approach was not performed.

A summary of analysis and test data for the lower support bracket

is given in Figures 34 and 35. Final analytical predictions using a
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variable joint heat transfer coefficient are provided in Figure 34. In this
analysis joint coefficient was varied from 25 Btu/hr ftZ °F at 180°F to

40, 000 Btu/hr ft2 °F at 2000°F. Temperature predictions are not exact,
but the deviation from test doesn't exceed 150°F on the Inconel and is only
40°F for the polyimide fiberglass.

If a low joint coefficient (25 Bt:u/ft2 hr o]5‘) is used initially
through 500 seconds and then an infinite coefficient is used throughout the
remainder of the trajectory, the results shown in Figure 35 are obtained.
Note that in some cases they provide higher temperatures, while in others
the results are lower than achieved with the variable joint coefficient. In
design analysis for flight hardware it will be necessary to examine a reason-
able range of joint coefficients to establish rational temperature bounds on
the problem.

The significance of both the analyses and test data is that the
design of the support bracket is adequate. Aluminum temperature is well
below the 350°F allowed, and the polyimide fiberglass temperature of 460°F
is well within the 650 - 700°F allowable for this material.

A three-dimensional thermal model of the leeward side support

joint area was also constructed and computer analyses were performed to
define peak temperatures using infinite joint heat transfer coefficients. The
analysis accounted for heat conduction along the skin, the RPP rib, across
the support joint and the bracket into the titanium wing structure. Cross
radiation from the skin to the portion of the RPP rib outside the bulk
insulation was also considered, as was the heat conduction through the bulk
insulation into the support joint and bracket.

Predicted temperatures for the final bracket design are shown
in Figure 36. Peak temperature of the titanium is 438°F, which is well
below the allowed 600°F. This temperature should prove to be conservative
since a joint coefficient of infinity (perfect contact at the joint bushings) was

used.
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1.1.1. 4 Dznamics

Dynamics load analysis was conducted on the canted heatshield,
support lug insulation assemblies and upper access panels to determine
structural integrity of the insulation for vibration load responses. Analysis
of the RPP leading edge was conducted during Phase II (reference (2)) for a
32 g-rms input and since this analysis showed the Phase II RPP design to be
structurally acceptable for this condition, the analysis was not repeated for
the Phase III design. This was because the Phase III design is much
stronger in the critical support lug regions and considerably stiffer overall,
due to the thicker skin. As part of an evaluation of the structural integrity
of the RPP leading edge, particularly the attachment holes, under a dynamic
loading condition, an acoustic test of the Task 12 leading edge was conducted.
This section reports the findings of both the dynamic analysis of insulation
components and the acoustic test of the leading edge. Additional heatshield
parametric analyses and heatshield component tests are covered under
Task 2.

Design Criteria - At the outset of the program, two sets of

dynamics design conditions were established for design. These were a

32 g-rms vibration environment shown on Figure 37 and a 163 db overall
sound pressure level illustrated in Figure 38. These are the same design
requirements employed in the Phase II program.

The random vibration environment was considered as a maximum
response as opposed to an input level, in accordance with agreements reached
with NASA-JSC. Analyses were based on this approach; however, in the
Task 2 vibration test program of the heatshield component, revised test
criteria were established as discussed under Task 2.

Heatshield Dynamic Analysis - A review of the complete leading

edge segment design concept indicated that only three components of the
insulation system were critical relative to the flight dynamic environments.
These three components are the canted heatshield, the upper access panel
and the lower support lug insulation. A description of the analyses and sup-
porting tests conducted to verify the design of these three components is

presented below.
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The canted heatshield is completely enclosed by the basic

leading edge structure and hence is isolated from the external acoustic field.
On this basis, the internal acoustic levels should be significantly attenuated
relative to the external field, typically on the order of 20 to 30 db. These
considerations indicate that the critical environment for the heatshield should
be the random vibration environment and hence this environment was the only
one considered in detail in the design of the heatshield.

The baseline heatshield design configuration is defined in
Figure 6. This configuration was mathematically modeled by the finite
element technique. Forty nodes were used to describe one-quarter of the
panel, twenty on the basic polyimide fiberglass panel and twenty additional
nodes located immediately above the panel nodes at the centerline of the
Dynaquartz insulation on the front side. The polyimide panel and the
Dynaquartz insulation were modeled using orthotropic plate bending elements.
The stiffeners were represented by general beam elements to include the
effect of the beam elastic axes being offset from the centerline of the polyi-
mide panel. The strain isolator was modeled by a rectangular solid element
whose formulation assumes a linear variation in displacement between the
eight nodes bounding the element.

The random vibration response analysis was conducted using the
first ten modes of the heatshield. Since the first two modes are the primary
contributors to the induced stresses, these modes are also shown graphically
in Figures 39 and 40 in terms of the displacements of the basic polyimide
panel. In the response analysis, a modal equivalent damping factor of 0. 02
was used for each of the modes to insure a conservative estimate of the
response.

A large number of variations in the major heatshield design
parameters were considered in the response analyses in an attempt to
arrive at a viable design. These parameter studies showed that the number
of insulation tiles and the thickness of the strain isolator were the controlling
variables in defining the critical stress in the insulation weak (thickness)

direction. The influence of these two parameters is shown in Figure 41
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for a 4-tile and a 6-tile (front side) heatshield configuration. On the basis
of these results, the 4-tile configuration with an isolator thickness of 0.20
inches was chosen as the final design configuration, based on the static
allowable for Dynaquartz and a 3-sigma stress level.

The calculated distribution of RMS stresses in the insulation
critical weak direction is shown in Figure 42 for the final design config-
uration. As can be seen, the maximum stress occurs in the center of the
panel near the edge of a tile. The stress level at all other points in the tile
are significantly below this level. Other elements of the assembly (panel
and stiffeners) are not critical.

The upper access panel, reference Figure 2, is directly

exposed to the external acoustic environment. Due to this fact, the acoustic
environment for this panel is more critical than the random vibration
environment and, hence, was the only one considered in the design.

For purposes of analysis, the component was assumed to consist
of a 16 x 15 inch titanium panel with a thickness of 0. 063 inch and an 0.20
inch thickness of strain isolator supporting four tiles of Dynaquartz insulation
varying in thickness from 1. 30 inches at the forward edge to 0. 70 inch at the
aft edge. In addition, 0. 63 inch thick titanium stiffeners were considered to
support the two edges of the panel. These stiffeners varied in depth from a
minimum of 1.0 inch to a maximum of 1. 70 inches.

A 25-node finite element model of the panel was analyzed. The
panel is symmetric about the centerline and hence only half of the panel was
mode led with appropriate symmetry constraints along this centerline. The
element types used in the model and the method of representing the strain
isolator and insulation tiles were identical to that used in modeling the
canted heatshield. The acoustic response analysis was conducted using the
first ten modes of the access panel, and modal equivalent damping factors of
0. 02 were assumed in the analysis.

The calculated distribution of RMS stresses in the insulation

weak direction is illustrated in Figure 43. As can be seen, the maximum
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stress occurs in the center of the panel along the edge of a tile. The 3-sigma
value of the maximum Dynaquartz stress is 3. 45 psi and compares with an
allowable of 4 psi used for design. Stress levels in the titanium were low
and insignificant.

Due to its internal location and small frontal area, the lower

support lug and the insulation surrounding it are shielded from the acoustic

field and are critical relative to the random vibration environment. On this
basis, only this environment was considered in the lug response analysis.
The design is shown in Figure 6. Insulation material is attached to the
titanium bracket through a 0.10 inch thickness of strain isolator.

A simple, one-mode analysis was performed to determine the
RMS displacement response of the lug to the design random vibration environ-
ment. This displacement was then used to calculate the stresses induced in
the insulation through the strain isolator. The insulation support bracket was
approximated by a simple, straight beam whose bending rigidity was adjusted
to account for the tapered cross sections. The frequency of the first mode
was calculated to 470 Hertz.

Using the criteria of a 32 g-rms peak response in this mode, the
resulting deflection was determined to be 0. 0014 inch (RMS), which gives a
resultant stress level in the insulation material of 0. 85 PSI (RMS). The 3
stress is then 2. 55 psi, which is well below the weak direction 4 psi allowable
for 10 lb/f’c3 Dynaquartz. Ultimately, the Dynaquartz density was raised to
15 1b/ft3. While the increased mass increased stress level proportionately,
the allowable strength rose to the 15 psi range, thereby creating a net gain
in margin of safety.

The above analyses for the canted heatshield, upper panel, and
lower lug insulation were based on the assumption that the critical condition
would result from static failure of the insulation in the weak direction (i. e.,

a delamination) and allowable stress was compared against 3-sigma (99. 7%
probability of non-exceedence) computed stress levels. A fatigue analysis
could not be performed, since fatigue data for the material was not available

nor was it within the scope of the program to determine for this interim
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Dynaquartz material. However, on the basis of the test conducted on a

heatshield component in Task 2, it appears that fatigue will be the dominant
failure mode. It remains to be seen how the Dynaquartz will respond in
acoustic test of the delivered leading edge assemblies.

RPP Component Acoustic Test - VSD conducted an acoustic test

on the wing tip panel, fabricated in Phase II (reference (2)), to determine
coating adherence, intercostal bond adherence, and coating integrity at
attachment holes. The specimen, which had previously been subjected to
2.7 hours of plasma arc testing prior to 163 db OA acoustic noise exposure,
suffered no failures or coating degradation. However, the small component
size and means of support did not produce representative loads at the attach-
ment holes so that further testing was indicated.

One of the leading edges fabricated in Phase III (S/N #2 - Task 12)
was selected for additional acoustic testing. The primary objectiv'e of this
test was to determine the structure integrity of the lug support holes under
the action of dynamic loads, A secondary objective was to verify general
integrity of a large panel in the acoustic field. The leading edge panel was
mounted in the VSD progressive wave acoustic chamber in such a way that
the noise was applied to the exterior surface, as in the flight case, while
back and sides were insulated to prevent direct introduction of acoustic
pressure into the leading edge cavity. Assembly on the support fixture and
installation in the test facility are illustrated in Figures 44 and 45,
respectively. Control microphones are seen hanging near the leading edge.

In the first test, which was applied for a total of 50 minutes to
simulate 100 missions at the 163 db OA level, the support holes were
damaged. Enlargement of the chamfered holes was observed and minor
chipping, not exposing bare RPP, was in evidence on the fixed side of the
leading edge. A countersunk hole is shown in Figure 46 after test to
indicate the type of damage. The countersunk holes are located on the left
side of the leading edge (looking forward) and are free to float to accom-
modate thermal expansion (reference Figures 1l and 4). The countersunk

holes enlarged during test from an initial diameter of 0. 60 inch to a final
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FIGURE 45

ACOUSTIC TEST LEADING EDGE INSTALLED IN PROGRESSIVE
WAVE FACILITY
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size of roughly 0. 75 inch. In the process significant chipping was
encountered as shown by Figure 46. Apparently, local dynamic loads
were an order of magnitude higher than static loads to cause the failure.
On the fixed side of the leading edge, the washers anchoring the part against
side movement wore away a portion of the coating to a depth of about 10-15
mils for the 100-mission test. It is significant to note, however, that even
with the severe pounding that must have been experienced at each lug, only
local failure was incurred and general support lug integrity remained. No
other damage to the leading edge was evident.

A successful retest was conducted with beefed-up lug holes.
Thicker coated RPP lug sections were bonded and bolted onto the leading
edge (Figure 47). A thickness of 0.5 inch was used for the upper lugs and
0.4 inch thick material was used for the lower. Edge radii of 0.09 inch
upper and 0. 06 inch lower were employed to ''soften'' the coated edges of the
holes in an attempt to reduce the tendency for chipping. This proved
effective. As an alternate to having the RPP interface directly with the
attachment bolt and washers and to attenuate dynamic loads on the RPP, a
separate bushing was installed in the holes on one side of the leading edge.
The bushing, which was sprung into place, was split along its length to
provide a gap for thermal expansion between the RPP hole and the metal
bolt. Retention of the bushing was accomplished by simply bending the
castleated ends to a flush position on the lug. This is shown in Figure 48.

Another 50 minutes of testing at 163 db OA on the reworked
assembly produced no failures, no coating chipping, and no other types of
damage. NDE examination by x-ray and ultrasonic test showed no defective
areas. It was concluded that with thickened lug regions the leading edge
support concept is workable with or without bushings; and the bushed hole
design and approach is practical and offers another level of conservatism in
the design. It is also important to note that in 100-minutes of testing the
leading edge skins, ribs, spars, and bonded trailing edge T-seals remained

intact with no evidence of failure.
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A. INNER SURFACE

B. OUTER SURFACE

FIGURE 46 HOLE DAMAGE AFTER ACOUSTIC TEST — COUNTERSUNK “FLOATING"” SIDE
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FIGURE 47 ACOUSTIC TEST LEADING EDGE SUPPORT LUG BEEF-UP
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1.1.2 FABRICATION

This section of the report describes the efforts involved in
fabricating the failsafe leading edge assemblies, discusses approaches and
rationale employed, and indicates areas for possible improvement.

In the Phase II program (Reference 2), the ability to fabricate
full-scale RPP leading edges of satisfactory quality was demonstrated.
These were, however, limited to 12 and 14 ply layups, exgept in localized
lug regions where a 17-ply buildup was used. Phase III presented a greater
challenge, however, in that the leading edge was built up to 34 plies in the
stagnation region, 20 plies at the windward trailing edge, 16 plies at the
leeward trailing edge and 23 plies in the lug regions. This presented a
more difficult task of layup, debulking, and pyrolyzation processing .to

assure sound structure.

In addition the Phase III assemblies included titanium support
structure, inconel and polyimide fiberglass support brackets, and dyna-
quartz insulation. The fabrication of each of these elements of the leading
edge assembly are discussed in sequence.

1.1.2.1 RPP Fabrication - Processing of RPP

Processing of RPP follows the steps illustrated in Figure 49.
This process shown represents refinements developed in Phase III to permit
fabrication of thick RPP laminates without danger of delamination. Signifi-
cant improvement from the previous (Phase II) baseline process results
from separating post cure from the pyrolysis cycle and post curing in slow
stepwise temperature increments to avoid generation of excessive internal
gas pressure that would cause delamination. The gentle post cure is
employed after initial cure and after each reimpregnation. This proved
highly effective. Development of the process is covered under Section 1l.14.
Each step in Figure 49 is self-explanatory and is not covered in detail.

The entire fabrication process in Phase III from layup through
coating was handled by the Manufacturing department with support from

Engineering as required for indoctrination and troubleshooting. This was
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to demonstrate that RRP fabrication was not limited to the laboratory, and
to reveal possible fabrication problems with techniques or equipment opera-
tion that would require resolution for production.

Layup Tool - One of the constraints of the Phase IIl program was
that the external configuration of the part be identical to the Phase II configu-
ration so that existing tooling could be employed. However, as part of in-
house development, an alternate approach was also employed which utilized
plastic tooling. The first deliverable leading edge was layed up on the
Phase II layup tool, but the next two units were layed up on plastic tooling,
Figure 50, which lends itself to reproducible parts and is therefore appli-

cable to production hardware.

The plastic tooling approach utilizes a fiberglass mold layed up
on a male die, which in production would be a part of the master model of
the leading edge. This should be a less expensive approach for variable
contour parts, and was proved to be an acceptable approach for Phase III.

Fiberglass Break-in Part - It is standard procedure to layup a

fiberglass part as a final check of the layup mold for assurance of satis-
factory part fabrication and ability to remove the part from the mold with-
out damage. The fiberglass part proved the acceptability of the tool.
Another aspect of this particular layup was that it was intended to use sili-
cone molds to aid in the debulking of rib-skin corners and particularly
rib/spar/skin corners. The fiberglass part, at its various stages of
buildup, provided the mold for fabrication of a series of silicone debulking
tools. These tools were then used in the fabrication of the trial leading
edge, and with modification were used for all leading edges.

Trial Leading Edge - A trial RPP leading edge was fabricated

to develop the techniques for laying up a 34-ply leading edge and to verify
debulking and curing operations on such an item. The unit was fabricated
from preliminary design information, and although final thickness varia-
tions were changed, the article was fully representative of the problems and
fabrication techniques of deliverable assemblies. This trial part was fabri-

cated as a VSD in-house effort and was not a deliverable item.
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FIGURE 49 PROCESS SEQUENCE FOR COATED RPP
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sl
ALUMINUM MOLD FOR N-1 LEADING EDGE

PLASTIC MOLD FOR N-2 AND N-3 LEADING EDGES.

FIGURE 50 LAYUP MOLDS
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The layup consisted of an initial eight full layers of cloth,

18 intermediate layers with various trim lengths, and eight full closeout
layers. Debulking was performed at various stages of the layup process
using the silicone molds and autoclave pressure debulking. Removal of
excess resin during debulking was accomplished with canvas or fiberglass
cloth. In general the appearance was good and the part was sound. These
results and the lessons learned provided confidence for proceeding into the
fabrication of the deliverable hardware assemblies.

Of particular importance was the solution of a material handling
difficulty experienced when low humidity conditions caused a dry '"boardy"
condition of the pre-preg material. Tests proved that an increase in tack
and drape occurred as humidity was increased. An acceptable level of tack
and drape occurs after exposure of the material to a relative humidity of
70 to 75% for 16 hours. A separate humidity controlled area was established
and all subsequent RPP layup work was performed in this area. A humidity
control requirement was incorporated into material process specification 308.

Ultimately, the trial leading edge was processed through RPP-3.
During this processing it was used for x-ray technique development and as
a check of RPP processing records.

Deliverable Leading Edges - The first leading edge fabricated

was layed up on the Phase II aluminum mold (Figure 50) while the second
and third units were layed up on the experimental plastic mold. One other
leading edge, a backup unit, was layed up and cured on the plastic tool but
was not processed further, because of the acceptability of the first three
assemblies. The first and third leading edges were ultimately selected to be
delivered with the total leading edge assembly, while the second leading edge
(Task 12) was assigned to the acoustic test and to be cut up and tested under
Task 13,

Layup of the first leading edge was rather slow due to the time
involved in translating drawing details into the tailoring of plies and the
need for more precise control of ply terminations than was necessary for

the trial leading edge. Layup time for the following units was considerably
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improved because of learning skills and the use of inspection tool aids
developed during first article layup. Close attention was given to improving
debulking during all layup operations. Formed metal debulking tools were
used in the corners at the lug areas to aid in the debulking, where the sili-
cone molds could not perform completely satisfactorily. Improved tooling
was employed to ensure more uniform pressure during bonding of the trail-
ing edge ""T'" seals. This produced bonds which were defect free.

Restraint tooling variations for pyrolysis included the Phase II
tooling, Reference (2), with full restraint inside and out; a modified approach,
Figure 51, wused on the second leading edge, which utilized only internal
restraint; and a further modification or simplification of installation and
removal, illustrated in Figure 52, and used on N-3 leading edge. Diffi-
culties were experienced with each of the restraint tools and further improve-
ment is indicated to avoid induced warpage of parts.

The various wedges used in the tooling of Figure 51, which is
similar to the Phase II internal tooling, did not permit accurate control of
preload on the RPP panel and resulted in spreading the lug areas and forcing
a depression in the flatter regions of the panel. This was experienced on
both N-1 and N-2 units. The tooling shown in Figure 52 did-much to:u
improve this situation but it produced a different problem. Not seen in the
photo are a number of screws on the inner flange of the graphite that bear
up against the RPP flange to provide restraint against closure. In pro-
cessing the third leading edge through RPP-2, these screws were incorrectly
torqued, which resulted in wavy rib flanges. This is believed correctable
by designing the tooling to permit better visual and feeler gage inspection of
proper application.

The maximum peak to valley waviness measured was 0.038
inch over a peak to peak length of about 4 inches. Analysis and laboratory
tests showed that the flanges could be flattened without danger of failure.

The flange was straightened by clamping and held during post cure and

pyrolysis. This resulted in a reduction to 0. 020 inch maximum waviness.
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USED WITH N-3 LEADING EDGE

FIGURE 51 RESTRAINT TOOLING

82




RESTRAINT TOOL FOR HEAT TREATING

FIGURE 52 GRAPHITE TOOLING
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All of this reduction was accomplished during post cure with 1fttle change
during subsequent pyrolysis. It is believed that greater reductions could
be obtained in pyrolysis with different tooling. This experience indicates
that, should warpage inadvertently be introduced.into an RPP component
during early stages of fabrication, it can subsequently be removed or-
substantially alleviated during final processing steps.

Leading edges were coated in the Phase II graphite retort il-
lustrated in Figure 51. The first leading edge coating weight gain was
lower than anticipated, possibly due to the thicker material, which takes
longer to heat up and develops larger temperature gradients. The coating
thickness (as measured by the eddy current technique) on ribs and front
surface of the skin were generally equal to or greater than the 0. 020 inch
desired. However, thickness on the inner surface of the skin was roughly
half the thickness of the front side. On the second and third leading edges
steps were taken to direct more heat to the backside of the leading edge.
Better thickness consistency resulted. This is discussed further in
Section 1.1.3.

Coating crazing on all units was not readily apparent in the
thicker or denser regions of the leading edge. However, the thin trailing
edges of the trailing edge ""T'''s were noticeably crazed and slight delami-
nations in this area were evident. This could be corrected for production
by thickening the "T'" section. (It is noted that existing Phase II tools
were employed to fabricate the non-structural "T''s, hence, a thickness
increase was not incorporated.)

No separate restraint is afforded the RPP part during coating,
since the retort (Figure 51) and coating powders offer sufficient restraint
to avoid warpage. However, during the subsequent heat treat operation, a
restraint fixture (Figure 52) was employed on units N-1 and N-3 to ensure
dimensional control for the delivered leading edge assemblies. This
restraint was a simple internal graphite frame which prevented panel

twist or movement of the attachment points.
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1.1.2.2 Leading Edge Assembly

This task included the fabrication of a two-unit leading edge

assembly for NASA-JSC test. Peculiarities of the fabrication of each major
component are discussed. The leading edge assemblies are shown in
Figures 2-1, 2-2, and 2-3 contained in Vol. I

Support Structure - The structural elements were fabricated

from titanium, aluminum, Inconel, and steel. These are standards with the
industry and presented no new or novel problems. The stpport structure
is shown in Figure 53.

An assembly fixture was fabricated to assemble the structure
and to assure interchangeability at the RPP component attachment points.
Standard positioning pins were used to locate parts for drilling and riveting
or bolting. The fixture is shown in Figure 54 during buildup of the sup-
port structure.

Polyimide Fiberglass Parts - Polyimide fiberglass was used

for the canted heatshield structure, various insulators, and the aft end of
the lower support brackets. Difficulties were encountered in two areas:
(1) thicknesses varied too widely, which was corrected by machining over-
thick pieces but could also have been corrected by using matched molds), and (2)
angles tended to close by as much as 3° during cure/heat treat cycles, even
when restrained. In some cases this was corrected by machining and in others
it was found acceptable. This could be corrected in the future by building
slightly open angles in the tooling to anticipate the degree of closure measured.
The flat canted heatshield panel was fabricated using matched
molds. Warpage resulted on the thin (0.09 inch thick) flat panel as expected
but this was acceptable, since little force was required to return it to a flat
condition.

Heatshield Assemblies - Heatshields consisted of Dynaquartz

bonded to a silicone sponge, which in turn was bonded either to titanium or
polyimide fiberglass. The shaping and fitting of Dynaquartz proved to be

simple, once the technique was developed. Dynaquartz can be machined,
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FIGU
RE 54 ASSEMBLY FIXTURE WITH SUPPORT STRUCTURE IN BUILD-UP STAGE
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drilled, and hand carved. Slow machine speeds, and light pressure are
best in the machining operations. A basic problem with the material fur-
nished for this program was inconsistency, with random voids of varying
sizes, internal delamination and hidden cracks in evidence. These features
sometimes caused in-process or finished parts to be rejected after final
machining. The handling of Dynaquartz required care as it is very fragile and
easily subject to damage.

Because of the limited quantity of Dynaquartz details,most parts
were ''prefabbed" to net dimensions with selected areas left oversize for final
assembly fit. This procedure worked well.

Final Assembly - Mating of structural and heatshield assemblies

was conducted in an assembly fixture designed for this purpose (similar to
Figure 54. In isolated cases radiation gaps between individual insula-
tion assemblies exceeded desirable limits, but these were readily filled with
Dynaflex (12 1b/ft3) insulation. This could be a feasible approach for pro-
duction, although if more elaborate tooling were employed, the need for
filling gaps would be diminished considerably. Overall, the assembly of
the deliverable hardware went rather well and it appears that with suitable
tooling, the use of rigid insulation for internal heatshields is feasible. The
fabrication and assembly of the leading edge assemblies required no par-
ticular artistry, but merely careful and patient workmanship.
1.1.3 QUALITY ASSURANCE
The Quality Assurance Department participated in the fabrica-
tion of the leading edge hardware in the following major capacities:
(1) Monitoring processing steps to ensure compliance with
released Engineering instructions.
(2) Certification that all process equipment was certified
and operating properly.
(3) Inspection of incoming raw materials.
(4) Dimensional inspection of hardware to assure tolerance

requirements were met.
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(5) Perform x-ray, ultrasonic, and eddy current NDE

inspection of hardware as appropriate.

The Phase III program was conducted in a similar fashion to a
production program in that quality control rigors were invoked. However,
since this was a development program and tolerance control capability was
not fully defined at the outset, deviations from initial goals were treated
more informally between Engineering, Quality, and Manufacturing, rather
than resorting to a formal Material Review Board.

Logbooks - Logbooks were established for each RPP leading edge
assembly to record compliance with detailed processing requirements.
Notation of compliance was provided by the appropriate inspector, and was
in the form of a stamp indicating: an operation was performed and was in
tolerance; by noting specific values measured; or by referencing time
history recordings of processes, which are retained on file.

The logbooks contained: general operating instructions for
Quality engineers and inspectors; all squawk sheets and the disposition;
manufacturing operation sheets with inspection verification stamps; actual
measurements taken at various processing stages, such as weights, dim-
ensions, ply termination locations; strength data on control panels taken
at various process -stages; and reference to NDE records.

NDE Inspection - X-ray radiography, ultrasonic-through-trans-

mission (C-scan), and eddy current NDE inspection techniques were employed
at appropriate stages to check the integrity of the leading edge. The use-
fulness and application of the NDE examinations are as follows:

(H X-ray without an attenuator - used after autoclave cure to
check for inclusions, voids, and delaminations and after
coating to check for crazing and coating thickness uni-
formity in certain regions, such as flanges, holes and
edges.

(2) X-ray with carbon tetrachloride attenuator - applicable
in the RPP-2 and RPP-3 stages to determine voids,
porosity, and delaminations.
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(3) Ultrasonic - through-transmission with water couplant -
determination of porosity, voids, and delaminations at the
autoclave cure, RPP-2, RPP-3 and after coating stages.
(4) Eddy current - used for coating thickness measurement
over the surfaces of the part.
Standards for x-ray and ultrasonic test have been obtained to
compare against response of the part. These standards were selected
from panels processed in both the Phase II and Phase III programs.

No delaminations as a result of processing were found on any
of the leading edges except for local edge delamination on the trailing edge
"T"'g, These were Phase II configured parts and relatively thin (10 ply).
This situation would be improved in production by increasing the thickness
of the '"T''-seal. One other delamination was the result of removing a
thermocouple inserted too deeply in the lower right-hand of N-1 leading
edge. A hole (0.16" x 0.48'" x 0.25'" deep) and local ply separation was in-
curred but this was filled with chopped WCA cloth and R-120 resin, cured,
and impregnated with furfuryl alcohol before final pyrolysis. Structural
integrity to the design load levels was not believed compromised. This thermo-
couple was used for process control during cure. The defect incurred is not

considered acceptaiale for a production part.

Voids were a normal occurrence in the very thick region at the
corner intersection of the skin, ribs and spars. This is attributed to the
reduced effectiveness of debulking in this difficult region. This is a lightly
loaded area so that structural integrity is not the problem, but it represents
an area requiring correction so that the region is more inspectable. Two
avenues are open to improvement: (l) increase the local radius in the
corner to enhance debulking, and (2) add filler material in the corner to fill
the expected void. The selection of approach is a function of the local de-
sign geometry permitted.

Dimensional Control - As noted, dimensions of leading edge

assemblies were measured at various stages of the process. These measure-
ments consisted primarily of width dimensions at 38 locations around the cir-

cumference, thickness dimensions on the skin and ribs, flange waviness,
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skin waviness, and coating thickness measurements on skin, ribs and spars.

A detailed discussion of the findings follows.

Panel width dimensional variations, more than any other tolerance

contributor, determine the joint fit and expansion gap size varia